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AB STRACT 


I. This atudy contains an outline of the experinental 
measurements performed in order to determine integrated intensities 
of various vibration-rotation —s of carbon dioxide by use of 
standard tectmiques with a PorkineUimer spectroncter. 

II. Total absorptivity measurements on carbon dioxide at 
room temperatures were meade in a pressurized gas coll provided with 


transparent windows. 
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Le INTEGRATED INTFNSITY MEASURIENTS OF CARON DIOXINE 


Ae Introduction and Summary 
The importance of gas radiation in effecting heat transfor bee 


tween a gas and its surroundings, particularly when the gas temperature 
is high, has been recognizod for some ‘ime. However, accurate 
emissivity data are generally not aveilable for use in enginoesring 
calculetions of heat transfer. Recently attempts have been made to 
ealculate gas emissivities theoretically from spectroscopic data. 
It is the purpose of the present study to provide some of the basic 
data which are needed for the sheoreticsl calceulation of enissivities 
of carbon dioxide. 

Quantitative infrared intensity measurements have been carried 
out ror the more intense vibration-rotation bands of carbon dioxide 
using helium as a pressurizing agent. Measurements were made by 


use of standard techniques. The results era summarized in Table I. 





fable J, Observed Integrated Intensities* cof Carbon Dioxide 

Band Center Integrated Band Genter Integrated 

(em ) Intensity  (enn+) Intensity 

(om? atu”“at 298°K) (om? atm@4at 298°) 

5109 643 i combined .83 

4983 1.02 1886 

4860 027 P20 

3716 42.30 668) combined 171.50 

5609 28 «50 647 

2349 2706.00 618 

2137 

2094) combined oL47 

2074 


SED ere ee rere: 
DE OO eR SR gE a RT eR Uy Oy a Re ee ere A 





* Observed intensities are accurate within + 20%. 
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Integrated intensities of the infrared vibration-rotation bends 
are required for the theoretical calowlation of gas enissivitics and 
radiant heat transfer. 

The integrated intensity XA for a given vibration-rotation band 


is defined by the relation 


a= fry ow _ (2) 


where Fics represents the spectral absorption coefficient at the 
wave mumber w . Although ths limits of integration should extend 
from = © tc + © it is sufficient to restrict intezration to a 
narrow wave number interval bracketing the band center because PF & 
decreases very rapidly with WwW in the wings of the vibration=-rota-~ 

tion bends. The integrated intensities for various vibration=rota- 
| tion bends will be identified by appropriate changes in vibrational 
quantum mamber. For example, the intense V4 - fundamental of 
earbon dioxide ariges as a result of the transi tion® 2) 

Vy = O7V) = 0, Vo = OV, = Oy f wx o3f = Op Ve = O-9VRg = 
and has a band center at 2349.3 on™), The corresponding value of 


the integrated intensity is then identified by the symbol 


* For details concerning spectroscopic notation of polyatomic 


molecules see, for examile, &. Hergberg, Infrared snd Ramon 
Spectra, D. Van Nostrand Go., New York (1945). 








== 


0 © 
XX (0,0,0 — 0,0,1) 


fhe integrated intensities of other vibration-rotation bends may 


be identified ginilarly. 


| 2 
a) The Method of Yilson and elle’ 


For monochromatic radiation 4t is well known that 





I = Tow exp (-P,, ph) (2) 


where I to ig the transmitted intensity at the wave number Ww 
when the incident intcnsity is I,,, » p is the partial pressure 
of the absorbing gas end & represents the optical path length. 


Honee the interrated intensity becomes 


A = (phy | be Cow / ty ) aw (3) 
OW 


where the integration in Bo. (3) is to be performed over the entire 

effective width AW of the vibration-rotstion band under study. 
The apparent intensities observed without absorber and with 

absorber, when the instrument is set at w , are not Lew end §1,,, 


respectively, but rather 


Sow = J tue’ elw, w') dw! (4) 
ty 2 fw g(w,w'!) dwt (5) 


and 
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where e(w, w!') represents the frection of light of actuel wave 
number WW! to which the instrument responds when 4¢ is set at W. 
some of tho difficulties inherent in the calculation of Fa do 
not arise in tho determination of the integrated intensity. Fron 
experimentally determined values of 7 wy and Ty it is 
possible to detomine an apparent integrated intensity <' which 
ia defined by the relation 


ol te (pf wee (fou / ahi )adwe B /pf (6) 


Wilson and Welle’ have shown thai 


i i ae 4 

vf > 0 
when a number of srecified conditions are mat. These conditions 
include the requirement that I,,,, be independent of w in the 
resolved spectral ranca, a condition which can be approached clossly 
by eliminating atmospheric absornstion and using sufficiently narrow 
spectrometer slits to give hich spectral resolution. In edition to 
requiring constant Ty y » %q- (6) will hold only if cither the 
variation of oe with cy can be neglected in the svectral ranze 
or the resolution of the instriment doses not vary appreciably over 
the vibration-rotation band under study. Of these two requirements 
the latter constitutes an intrinsic property of the instrumont. Tho 


variation of Poy in the resolved spectrol interval can be mininised 
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by pressure broadening, 1.6., a8 Pp t 4s decreased, c€! will 
appreach oe more rapidly, the higher the constant total pressure 
at which the observations aro nade. 

As tho optical density is decreased, the plot of B v8 pa 
may show considerable curvature. This fact intrednucos sn appreclLable 
error into the extrapoletion required to determine oO . At 
sufficiently high total prossure p,, the variation of B with pL 
should follow a linear relation in eccord with the fact that the 
true integrated intensity is moasured at every value of the optical 
density and Bq. (6) should apply directly. By proceeding according 


(2) 


be 
to Wilson and Yells the result co '=yp K as Pp is increased 


can be demonstrated. (3) 

The true value of the integrated intensity oC cen be obtained 
either by extrapolating A* to zero values of pf at constant 
Pp or by findine the limiting value of QK ! at constant optical 
density as the tetal presgure is increased. 


b) The Self-Brondening Technique of Penner and Weber “*? 


Infrared transmission studies on pure eases have the obvions 
advantage of eliminating the possibility of experinental error 
resulting from imperfect mixing or from the ccceurrence of adsorption= 
desorption phenomena. On the other hand, they possess the severe 
disadvantage of always involving the effect of significant self 


broadening associated with increased pressure of the absorber. Howe 
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ever, by suiteble choice of tost cell length it is possible to 
utilize self=broadening to obtain quantitative infrared intensity 
datae In general, the required coll length is shorter when the 


vibraticn-rotation band is more intense. 


Seq _._ xperinen tal Studies 


a) Apparatus 

A PerkineHZiner Model 125 single beam infrared spectromoter 
with lithium fluoride, sodium chloride, and potassium bromide prisms 
was nsed for trensmission measuremants. Incorporation of automatic 
alit drive over the wavelength interval used for study was found to 
eave considerable time in experimental work. Pressure readings were 
performed by use of a Weliece and Tiernen precision manoneter for 
the pressure ranze 0-800 mm of morcury ( + «2 mm) and 0-1000 psig by 
use of a Harsh gage (+ 2 psig). 

The cell and window assemblies wore machined from 1896 stain= 


less steel stock. fHeoprene O-rings and neoprene or teflon caskets 





were used to support the celi windows. ‘The principel features of the 
cell are shown in Fig. 1. ‘The right end plate is provided with a 
speciel tap to permit flushing with nitrogen of the outside of the 
eell in the light path, This samo end plate is fitted with a 

flange to slide into the absorption cell slot provided on the spectro= 
meter. A flexible collar is inserted between the other end plate 

and the globar source. The collar also has a fitting for nitrogen 


flushing. 








ete 


fhe cell is provided with e windsw assembly as shown end is 
Lerges enough to permit incorporation of stirring rod with 
perforated end plate. In each ae care was taken to assure 
waiform mixing of gases in the éell by adequate use of the stirrer. 
It was assumed that a uniform gas mixture had been obtained when 
additional stirring produced no measurable chenee in transmission. 

Neteails of wavalencth calibration of the prism spectronoter 


using a sodium chlorides prism sre given in Section h. 


b) Summary of Experimental Data 

For the vibration-rotation bands of carbon diexide on which 
exverimental measurenents were perfomed the quantity 6 [2.303 
has boen plotted as a function of p f an Mes. 2 to 10. CGorrespond= 


ing integrated intensities heve been civen previously in Table i. 





The observed intensitiss of vibration-rotation bends of carbon 
dioxide are compared with the results of other invastigators in 
fable II. Reforence to Table II ahows that the dete are in excellent 


agreement with the results of other investigators. 
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fable II. Observed Intensities of Garbon Dioxide 





intgcrateg Intensity of 


(om? atm@+ at 298°K) 
(cm!) pr al 2456 Crawford (7) Study 
(1941 ) + 10% 20% 
(1951) + 
(1952) 
51.09 426 
4983 1.01 
4860 ents 
3614 27.0 28.5 
2349 2867.0 2693.0 2706.0 
2137 
3094 combined 147 
2074 0.14 (P and Q) 
2074 .05 (Q only) 
= e005 pooubined 085 
20 
668 187.0 161.0 combined 171.5 
647 


618 











Calibration of Perikx 
rrisn 


in the wave number calibration of an infrared svectrometer it 


in-ilmer Spectrometer with Sodium Chlorides 





may become necessary to make use of the relation between micremeter 
ecrey turns and wave number in vave number regions where no 
ealibration points (absorption bands or lines) oxist or are available. 
In the present calibration 4+ was necessary to extrapolate the 
micrometer screy turns vs. wave number curve from the carbon dioxide 
bend at 667 i to regions near the absorption limit of the sodium 
chloride prism. This was done using the nethod of McKinney and 


Fricaen‘®) whose oempiricel equation is 
=1 
Pe ?,-B (w.° -w”) (7) 


Waere T ig micrometer screy turns and % is the ordinate intercept 
at Biw ." - WwW ae = 0. Here Wo fis the Restrehlen wave number 
depending on the prism material and w is a mown or measured wave 
number. Seven absorption maxina of ammonia and carbon dioxide were 
used for calibration and (w,” ae was calculated and plotted 
against nicrouster screw turns. For sodium chloride the value of - 
WwW > is 125 rian 

The constants Z, and B are detormined from the mown absorption 
maxima. Zquation (7) is used to oxtend the calibration curve of 7 vs 


W . The correction term for short waive length absorption was 


neglected for the present purpose. Fisures ll end 12 are reproductions 
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of originel celibration graphs in which tho abscissse ere, 
2 1 
respectively, W and (wo - W) , whoress exch orilinate rep= 


resents nicronmeter screw tums. 
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ii. POTAL AVSORPEIVITY MEASURMMERTS ON OCARBOH PICKING 
AP ROOM CoMNPARATUNG 


be introduction and Summary 


The calevilation of rvadfent heat transfer from heated carbon 
dioxide requires the use of experimentally determined absormtivity 
data. The total absorption of radiation by carbon dioxide hes 
been reinvestigated at various cptical densitics et different total 
pressures and at room temperature. <A complete investigation could 
not be carried ont at other temperatures because of experimental 
difficulties with the gas cell and amplifying system. The measured 


values of the total absorptivities are given in TMble III. 
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Re ..asic Radiation Laws 
The spectral distribution of radiation from a blackbody is 
given by Planck's radiation raw ‘2? 
~5 | ~1 

Ry aa =o, A [exp (c,/a2) - 1 aA (7) 
where Ry, aA is the energy enitted — a, dDlackbody at temperature 
@ per unit time per uit area in the wave length interval from A 
to A plus dA throughout a solid angle 2 17 stoeradians. Cy 


and Cc. are physicel constants whose values are givon below: (10) 


@5 
°, = 21 oh® = (3.732 + .006) x10 erg a SeC} 


en = ch/k = (1.436 + .001) om °K; 
“16 aw] 
e= velocity of light = (2.99776 + .C0026) x10 cm sec ; 


h= Planck's constent = 6.62 x 107°" erg sec} 
~16 G_ «1. 
k = Boltzmann's constant = 1.391 x 10 ergs per nolecule & 
~1 
Hquation (7) may be expressed in terms of wave number W (-/) ), 


“il 
BY, dw = ow ® [oxp (c,,w /2) ~ a] aw (8) 


where By adW is the energy emitted from a blackbody at temere- 
ture 7 por unit time per unit area in the wave number interval from 


Ww to Wplus dw throughout a solid angle 2 [FT steradiana. 
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The total intensity ef radietion omitted by a blackbody over 


all wave lengths is given by Stephan's law 


‘ 
4 

| 2% aAw= 7p (9) 

oO 


where O- represents the Stephan-Boltgmann constant and has the 
numerical value ‘29? (5.67283 + .0037) = 107° erg on™” 

wh, =). | 3 
ox” sec (= 21 50°h ). Fer a greybody the emissivity £ 4s 


inderendent of wave number, i.c., 


Ry ‘= ER, (10) 


where R ” t 4s the spectral intensity of rediction emitted from a 
greybody. The eneineoering emissivity or absorstivity for diatomic and 
Polyetomic gases is defined by a releticn sinilar to Ha. (9). ‘Thus, 
if I v 49 the svectrally emitted intensity from a noneblack and a 


non-grey source, then the engineering enissivity B is given by 


& 
ae Cu jo Maw a1) 


0 
where Ty is Ry lL = oxp P,.) pf) ‘ Puy 4s the spectral 


absorption coefficient and pt 49 tho optical path density. 
Qqueation (11) can be written nore omplicitiy es a sum over the 


contributions to the total emissivity from senarate vibration= rotation 


bands. hus, let 
a 


LyW - AW (v,» Von Ve —7 Vye Vor vz) represent the effective 


|, Ee 


Width of the vibrationerotation bend erisine from the transition 
f , 


’ f ’ 
Vy Vae Vx —- Vy» Vos Vize Then 


Be (otyZ Z Z > Fog 7. eo 


vy, yu Vi%Y, LHL YG 
tol tne rf) | aw (13) 


where the quantum numbers mst conform to the selection rules for 
all allowed vibrational transitions. Quantitative calculations of 
*- are exesedingiy 44fficult to carry ous. 
Ce Zotal Adsorptivity Determinations on Carbon Dioxide at Room 

Fenperature 

An agparatusg has been built for the measurement of absorptivity 
and emissivity of carbon dioxide. Tho system consists of a source 
of infrared radiation, a ges cell in waoich temperature and prassure 
may be controlled and a non-selective receiver. The signel from the 
reveiver or detector is amplified using chopped radiation for 
stabilization. The percmtace of transmission is found by comparing 
voltaze outymt from the detector for an empty cell with voltace 
output from the detector for the same cell under test conditions. A 
recording potentioncter (Speedomax) is used to indicate voltazs. A 
Block dlagram of tho apparatus used for study of absorption and 
emission is shown in Mg. 13. 

fhe source of radiation used is a globar unit which has a 


continuous emission spectrum in the infrared region. 
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fhe globar temperature must be held within close limits to reduce 
fluctuations in radiation. Power supply to the globar is 
regulated by a Sola constant voltage transformer. 

The globar, gas cell, and detecting thermocouple are placed 
in a wooden chamber which is flushed with nitrogen to prevent light 
absorption by atmospheric water and ozrbon dioxide. The coll is 
fitted with potassium chlorids windows which ellow transmission a% 
wave lengths lonzer than 20 microns. 

The detector 1s a thermocouple which develops a signal of 100 
microvolts with full glober input. Sensitivity of the thermmocourle 
is specified as six microvolts por microvatt of incident radiation. 
*his thermocouple is of the same type as that used in the Perkine 
Hlimer Model 12C Spectrometer and is reported to be linear in output 
over wide variations in light intensity at all wavelengths in the 
near infrared region. The thermocouple is sensitive to anbient 
temperature changes. Drift and instability produced by such changes 
are avoided by chopring incoming radiation at 13 cycles per second. 
Thus a low frequency A.C. amplifior may be used to amplify the very 
low level signal from the thermocouple. The A.C. signal is later 
rectified and filtsred to recover information regerding signal 
amplitudes. Contacts for the synchronous rectifier are operated by 
means of cams on the shaft of the synchronous motor used for the 


rotating shutter. 


-17< 


Gaissivity as well as absorptivity may be measured with this 
system. For ealeatin ty measurements it is only necessary to place 
thes light chopper disk betyeen the gample and the thermocouple 
rather than between the globar and the gas sannlo. 

Sines percentage of transmission 495 moasured by noting the 
difference in radiation intensity received when the cell is 
evacuated and tho radiation veceived when the cell contains gas at 
known temosrature and pressure, 1% is important that measurenents 
be made within the limits of linearity of the detscting and anplifying 
system. There is no easy means available for the measuranent of 
absolute radiation intensity received at the thermocouple. The 
amplifier ant Sneodomax wore found to be linear with raspect to 
input siemals from the detector. 

Percentage of absorption by cardon dioxide at the temperature 


and pressure used was found to be of the order of 25% or less. In 





oréer to sat raliable data it is necessary that noise and drift be 
low in comarison with variations in signal strensth arising fron 
chenges in absorption of radiation. Noise and drift in the 
instrument were reduced to below the 1% level. 

Previous investigatsons 2? wore cortied out at a total pressure 
of one atmosphere while varying ths partial pressure of the absord= 


ing or radiatines gas. We have investicated absorotion of radiation 


at room tompsrature at totel pressures up to 55 atmospheres. 
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Let D= recorder deflection fer the filled gas cell and D, = 
the deflection for the empty cell, K= recorder constant, 
tT, = Globar temperature, € ag = emissivity of source, 
O- = Stephan-Boltsmann constant, OX = absorptivity and K! = K/7. 


Then 

R= oO E to (14) 
and, if & « Il, 

KY v/2, (15) 


Wnen the gas cell contains absorbing gas and E 37 1, then 


KD ss (1ea)t, (16) 

aK = (3° - Kp) /2" (17) 
sl $l 

Lel- D/ 2, (18) 


It foliows from Kirchoff's law that the total absorptivity and 
emissivity of the carbon dioxide are equal to each other at 
equilibrium. At room temperature 1¢ has been assumed that the 
emission of radiation from carbon dioxide is negligibly smell 
compared with the intensity of tho transmitted incident radiation. 
Tae results of total absorption measurements are presented in 
TablesiiX and IV and are plotted in Megs. 14 to 17, Table IIT and 


Fig. 14 contain a summery of the experimental data which wore actually 
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obtained. Table IV and Mes. 15 and 16 contain results epplicable 
to a total pressure of 1 atmospheres. In Ms. 17 the adsorptivity 
4s plotted as a function of optical density with the total pressure 
Py troated as a variable parameter. References to Fig. 17 shows 
that c& is not a sensitive fimotion of the total pressure at 


pressures in excees of about 3.73 ate, 


Zable i¥.  <Abdsorptivity of Carbon Dioxide at a Pressures of 1 aim 
and at Room Temperature 
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The oxperimentally determined values of of ata total 
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(11) 


out by Hottel and Mangel sdorf in Table V and in Fies. 18 ond 19. 
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Since the limit of our probable error is + 10% and those of Hottel 
and Mangelsdorf + 20%, the agreement between the independently 


determined experimental data may be considered to be satisfactory. 


fable Y, Absorptivity of Carbon Dioxide at Room Temperature at 
a fotal Pressure of 1 Atmosphere. 
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Fig. 1. Schematic representation of infrared 
absorption cell used to measure intensities of 
gas mixtures. 
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Figure 13. Block diagram of apparatus for measurement of 


total absorption of infrared radiation. 
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